The effect of hypothermia on the incorporation and metabolism of essential fatty acids (linoleic and linolenic acids) by dissociated cell cultures of developing brain was examined. When the ambient temperature was reduced to 30°, chain elongation of linolenic acid (1 8 : 3) to 20 : 3, and elongation of 20 : 5 to 22 : 5 was slowed. Desaturation of 20: 3 to 20 :4 and 20: 5 remained unaffected even a t 22'. Incorporation of (1-14C)linolenic acid into the fraction containing ethanolamine phosphoglycerides and ethanolamine plasmalogens (EPG) was significantly reduced by hypothermia, whereas labeling of choline phosphoglycerides (CPG) was greater at 30' and 22' than at 37', and fell only slightly at 15'. These observations suggest that EPG labeling depends on the availability of the higher polyunsaturated fatty acids (22:5 and 22 : 6), whereas CPG labeling is nonspecific. Because ethanolamine plasmalogens are major myelin constituents, the importance of hypothermia in inducing a deficiency of the higher polyunsaturated fatty acids within the developing nervous system, and thus interfering with the biosynthesis of EPG and indirectly with membrane deposition, needs to be clarified.
Introduction
There is considerable evidence that the survival rate of premature infants is adversely affected by an environment that stresses their thermoregulatory system [2] [3] [4] [5] 121 . The metabolic derangements that occur within the nervous system of infants in the course of acute or prolonged hypothermia have not been fully explored, but it appears likely that permanent alterations may occur under such circumstances. T o our knowledge there are no long term follow-up studies of premature infants which correlate the incidence of subsequent neurologic handicaps with periods of neonatal hypothermia. The neurologic picture of older infants suffering from exposure to cold, sufficiently prolonged to lower body temperature to 32" or less, includes apathy and coarse tremors which may progress to generalized convulsions. The latter may be the result of a primary effect on the central nervous system, or be induced by hypoglycemia [6] .
In newborn rats reduction of the ambient temperature is accompanied by reduced incorporation of types can usually be distinguished: neuron-like cells with little mitotic activity; small, dense, glia-like cells; and large, clear, polygonal ependyma-like cells [lo, 13, 141 (Fig. 1 ).
Under these conditions cellular lipids are synthesized from precursors in the culture medium, and dissociated brain cells take up exogenous free fatty acids and glycerol rapidly and utilize them in the synthesis of cellular triacylglycerols (TG) and phospholipids. T h e relative proportions of free fatty acids entering these two lipid fractions depend in part on the age of the brain cell cultures. I n the early stages of culture when outgrowth of cell processes is active, fatty acids are preferentially incorporated into phospholipids, whereas later, when cell division has slowed down, incorporation of fatty acids into T G is increased [15] . These observations are consistent with the concept that, in brain cells, T G serve as an intracellular reservoir for excess free fatty acids.
Within the phospholipid fraction, CPG and EPG are the major labeled species. As separated in our laboratory, the EPG fraction contains both ethanolamine phosphoglycerides and pliosphatidal ethanolamines (ethanolamine plasmalogens). With increasing chain length and increasing unsaturation of the labeled fatty acid precursors, the proportion of radioactivity incorporated into EPG to that entering CPG increases progressively. I n the course of their incorporation into cellular lipids, fatty acids undergo chain elongation and desaturation. I n previous studies we demonstrated that when linolenic acid (18 : 3) was used as precursor, the rel-H ative amount of label entering phospholipid was great-! s est. T h e EPG fraction was labeled more slowly than the CPG fraction, and the entry of radioactivity into noic acid (22 : 5), and docosahexaenoic acid (22 : 6), two leucine into brain proteins [8] . This effect is apparently the direct result of lowered body temperature, rather than being caused by energy depletion which accompanies thermogenesis.
T h e availability of cultured dissociated cells from fetal brain has prompted us to utilize this system in studies of lipid biosynthesis and fatty acid metabolism, two vital for the formation and stability of membranes in the developing nervous system.
Mechanically or enzymatically dissociated brain cells major EPG fatty acids [16] . As preliminary observations suggested that biosynthesis of polyunsaturated fatty acids from the two essential fatty acids in the medium (18:3) and linoleic acid (18:2), was highly sensitive to the ambient temperature of the cultures [17] , further studies to elucidate this phenomenon were in order.
Materials and Methods
reassociate to iorm well organized aggregates in the Preparation and Culture of Dissociated Cerebral Cells course of culture. These acquire some of the morphologic and biochemical characteristics of the differMonolayered cultures were prepared from cerebral entiated original tissue [l, 9, 10, 13, 141. Three cell hemispheres of 17-day-old rat embryos as described in detail [14] . Dissociated cells prepared by trypsinization were allowed to grow in 60-mm Petri dishes at 37" in an atmosphere of 95% air and 5% CO,. T h e usual inoculum was between 0.5 and 1.0 x 106 cells/Petri dish. T h e nutrient medium consisted of Eagle's minimal essential medium [18] to which 20% of healtreated fetal calf serum [19] , 0.6% glucose, and antibiotics had been added. T h e p H of the medium was maintained between 7.0 and 7.4. Depending on the acidity of the culture, the medium was changed every 2-3 days. T h e amount of cellular DNA harvested from each Petri dish ranged from 20-40 pg.
Incubation of Cultures
ane and a mixture of petroleum ether (boiling range 30-60")-diethyl ether-formic acid (50/50/ 1.5, v/v).
Gas-Liquid Chromatography
Gas-liquid chromatography was performed as described previously 1151. I n essence, the purified lipid fractions isolated by means of T L C were methylated in 0.5 N HC1 in methanol, and the resultant fatty acid methyl esters were analyzed on a Hewlett-Packard (402) gas chromatograph equipped with a radioactivity monitor. Supelcoport columns coated with 10% SP-216-PS [22] were run at 200" under 75 pounds argon pressure.
Metabolic studies were conducted after cultures had Results reached confluency. After the nutrient medium was removed and the cells were washed once with serum-free Incorporation of (I-14C)Linoleic Acid into Cellular Medium 199 [18] , the experimental medium, conLipids sisting of 2-3 ml Medium 199 augmented with 0.6% glucose and containing the labeled fatty acid, was added. Cultures were examined daily by phase microscopy; no morphologic changes were observed in the coulse of the incubation period. Ambient temperatures for the metabolic studies were as specified.
Substrates
(I-14C)Linoleic acid (57 mCi/mmol) and (I-14C)linolenic acid (52.4 mCi/mmol) [20] were complexed to fatty acid-free albumin as described previously [15] . In this form fatty acids were stable for several months when stored at -20". Purity of substrates was verified both by thin layer chromatography (TLC) and gasliquid chromatography (GLC).
Extraction and Fractionation of Cellular Lipids
Most of the procedures have been described elsewhere [15] . I n essence, cellular lipids were extracted with chloroform-methanol (1 12, v/v). T o the organic extract chloroform and water were added to give a final ratio of chloroform-methanol-water of $1413, and the ensuing aqueous phase was removed. T h e lipid extract was placed on T L C plates (10 by 20 cm) coated with silica gel G [21] and developed either in chloroform-methanol-acetic acid-water (25 / 15 /3 12, v/v) or chloroform-methanol-7 N ammonia (65 / 35 / 5, v/v).
Areas corresponding to the various phospholipid fractions were eluted with methanol. Separation of the neutral lipids was performed on silica gel G T L C plates in one direction, successively with dichloroethWhen cultures were incubated at 37" for 16 hr with labeled linoleic acid, radioactivity entered the CPG, EPG, and T G fractions preferentially. Upon lowering the incubation temperature, the total amount of radioactivity incorporated into cellular lipids showed a steady drop (Table I) . Although the amount of radioactivity entering the EPG and T G fractions fell off markedly, CPG and serine phosphoglyceride labeling at 30" and 22" was greater than at 37". As a consequence, the ratio of radioactivity in EPG to that in CPG fell progressively with lowering of the incubation temperature.
Among neutral lipids, T G labeling was reduced the most. By contrast, the amount of radioactivity in the fraction containing monoacylglycerols, and free, cellbound fatty acids was greater at 30" than at 37", and was about the same at 15" as at 37".
Linoleic Acid Metabolism
With reduction in the incubation temperature, conversion of 18: 2 to other 06 fatty acids dropped steadily, so that when cells were incubated at 15" essentially all of the label remained in the form of 18:2 (Table 11 ). Figure 2 shows the distribution of radioactivity in fatty acids isolated from cellular EPG and CPG. Since at 37" and at 30° 20:3 and 20:4 constitute a significant proportion of labeled EPG fatty acids, their failure to be synthesized is, i n part, responsible for the reduced formation of EPG. By contrast, even at 37" very little radioactivity enters 20: 3 and 20:4 of the CPG fraction. With reduction in the incubation temperature Experimental conditions are the same as described for Table I . Samples of the whole lipid extract were transmethylated and analyzed by gas-liquid chromatography as described in Methods. Values represent percentage of distribution of radioactivity f so of three to four cultures. 2 Tentatively identified.
there is a significant increase in the amount of labeled 18:2 in CPG, so that the increased CPG labeling at 22" and 30" is entirely due to an increased acylation of 18:2.
Incorporation of (1-14C)Linolenic Acid into Cellzilar Lipids
Reducing the incubation temperature resulted in a diminution of the linolenic acid incorporation into total cellular lipids. As was observed for linoleic acid, linolenic acid incorporation into EPG and T G was very sensitive to a reduced ambient temperature, whereas incorporation into CPG and serine phosphoglycerides, and into the fraction containing free fatty acids and monoacylglycerols was actually greater at 30" than at 37" ( Table 111) .
Conversion of 18: 3 to 22: 5 and 22: 6 was reduced markedly at 30°, and completely abolished at 2Z0, whereas desaturation of 20: 3 to 20:4 and further desaturation of 20: 4 to 20: 5 was still active at 30" and at 2Z0, and only became significantly reduced at 15' ( Table IV) .
As can be seen from Figure 3 , reduced incorporation of labeled linolenic acid into the EPG fraction when incubation temperatures were lowered was entirely because of the inadequate conversion of 18:3 to higher 03 polyunsaturated fatty acids. About one- 
EPG4
Total incorporation EPG/CPG Experimental conditions are described in Table I , except that the cells were incubated with (1-14C)linolenic acid (2.3 p~) (0.81 X 106 dpm/culture). Radioactivity expressed as disintegrations per minute per microgram of DNA represents mean f SD of three to four cultures. CPG: choline phosphoglycerides; SPG : serine phosphoglycerides; EPG : ethanolainine phosphoglycerides and plasmalogens.
2 Also contains monoglycerides.
Also contains inositol phosphoglycerides. 4 Also contains cardiolipin. Table IV . Distribution of (I-14C)linolenic acid and its metabolites in total cell fatty acids at various temperatures1 Table I (Table IV) .
As a consequence of the impairment of chain elongation the two major fatty acid components of the EPG fraction, 22:5 and 22: 6, are not produced from 18: 3, and incorporation into the EPG fraction of 18:3 and the other 03 polyunsaturated fatty acids derived from 18: 3 is markedly defective. From Table  IV we can demonstrate that the ratio of labeled 20 : 3 + 20:4/22: 5 + 22: 6 incorporated into the EPG fraction remains constant at all incubation temperatures, which suggests that fatty acid incorporation into the EPG fraction is a structurally specific process. No such specificity for the incorporation of labeled fatty TEMPERATURE (C") Fig. 3 . Distribution of radioactivity from (1-'%)linolenic acid in fatty acid esters of choline phosphoglycerides (CPG) and ethanolamine phosphoglycerides and plasmalogens (EPG). Incubation conditions were the same as described for Table 11 acids into CPG can be demonstrated. Because a large proportion of the EPG fraction is in the form of plasmalogens, a major myelin constituent, this specificity of fatty acid incorporation becomes understandable, as it may be necessary for the biosynthesis of myelin precursors.
There is considerable evidence that fatty acids from CPG are transferred to EPG [ll] . T h e means by which this transfer is effected are still unknown, but it is likely that the fatty acids are cleaved from CPG to enter an intracellular fatty acid pool, where they are subject to chain elongation or desaturation, and subsequently are transferred to EPG.
T h e increased incorporation of 18:3 into CPG at lowered incubation temperatures ( Fig. 3; Table 111 ), suggests the presence of a temperature effect on fatty acid cleavage from CPG. T h e increased amounts of radioactivity in the fraction containing free fatty acids at lowered incubation temperatures (Tables I and III) , is consistent with this hypothesis, and indicates that incorporation of free fatty acids into the EPG fraction and re-entry of free fatty acids into CPG may also become slowed when the incubation temperatures are lowered.
Our observations on the effects of ambient temperature on the synthesis of the higher polyunsaturated fatty acids, and on the formation of EPG, suggest that hypothermia may impair formation of membranes, possibly including myelin, in premature infants. Other factors, such as a significantly lowered cellular linoleic acid concentration, which has been demonstrated for erythrocytes of premature infants as compared with full term infants or adults [7] , a high oxygen atmosphere, and vitamin E deficiency may contribute to the diminished availability of the essential fatty acid precursors for the higher polyunsaturated fatty acids required in the formation of cellular membranes within the developing nervous system.
Summary
Under lowered ambient temperatures, the conversion of linoleic acid (18: 2) and linolenic acid (18: 3) to the higher polyunsaturated fatty acids is impaired. Chain elongation of the essential fatty acids appears to be more sensitive to temperature reduction than their desaturation. Lacking 22: 5 03 and 22: 6 ~3 , EPG and ethanolamine plasmalogen biosynthesis are severely curtailed, although incorporation of labeled fatty acids into the CPG fraction continues even at 15". These alterations may result in defective deposition of membranes in hypothermic infants.
